We present the characterization of a silicon Mach-Zehnder modulator with electrical packaging and show that it exhibits a large third-order intermodulation spurious-free dynamic range (> 100 dB Hz 2/3 ). This characteristic renders the modulator particularly suitable for the generation of high spectral efficiency discrete multi-tone signals and we experimentally demonstrate a single-channel, direct detection transmission system operating at 49.6 Gb/s, exhibiting a baseband spectral efficiency of 5 b/s/Hz. Successful transmission is demonstrated over various lengths of single mode fibre up to 40 km, without the need of any amplification or dispersion compensation. 
Introduction
The amount of data exchanged over the internet has been growing continuously over the last 20 years, posing new challenges to the global network infrastructure. Data-centers are required to manage increased numbers of connections and services, relating for example to cloud applications or high definition video streaming, and need to be equipped with a new class of cost-effective, wideband, short-to-medium haul interconnections [1] . Recently, silicon photonic-based optical links have been identified as good candidates for intra-data-center communications [2] [3] [4] and numerous devices including modulators [5] [6] [7] , transceivers with electronic integration [8] [9] [10] [11] , detectors [12] [13] [14] and wavelength division multiplexing (WDM) devices [15] have been demonstrated, showing both short-and long-haul transmission capabilities, with single-channel connection speeds that exceed 100 Gb/s [6, 16] . The implementation of shortreach intra-data center links needs to be relatively simple and cost-effective. Direct-detection (DD), unrepeatered and uncompensated transmission is therefore highly desirable in such environments. In this context, advanced modulation formats have shown a great potential as they allow connections with extremely high spectral efficiencies [17] , which in turn relax the electrical and optical bandwidth requirements and cost. Both multilevel and multicarrier modulation schemes have recently been demonstrated based on silicon photonic components [16, [18] [19] [20] , showing that speeds exceeding 100 Gb/s per single channel can be achieved by employing 20-G-class silicon intensity modulators. Among the proposed solutions, discrete multi-tone (DMT) modulation offers the capability to adapt the signal to the channel spectral response, allowing the demonstration of extremely high spectral efficiency transmission [18, 21] . Although 100 Gb/s connections with silicon photonic modulators were demonstrated in [18, 21] , the transmission lengths over single mode fibre (SMF) were limited to just 10 km, mainly because of the dispersion power fading effect that becomes an important consideration as the fibre reach increases. Many solutions have been proposed to overcome this limitation, including the adoption of single sideband (SSB) [22] or vestigial sideband (VSB) modulations [18] , which however, may significantly increase the hardware complexity. Alternatively, transmission in the O-band has also been considered, however this introduces excess-loss induced optical signal-to-noise ratio penalties [23] .
In this paper, we discuss the design and characterization of an electrically-packaged silicon Mach-Zehnder intensity modulator (MZM) that shows a highly linear response. We use this device to demonstrate a 40 km-long DD-DMT link, operating at 49.6 Gb/s, exhibiting an unprecedented baseband spectral efficiency of 5 b/s/Hz, with no need for any amplification or chromatic dispersion compensation. This work shows that cost effective 10G-class silicon photonic modulators can be employed to design 50 Gb/s short-to-medium reach DD optical links, making them a suitable transmitter technology for the optical wiring of next generation data-centers.
Device design and characterization

MZM design principles
The device used in the experiments was an unbalanced MZM. The input light was split onto two arms with a 50:50 ratio by means of a multi-mode interference coupler (MMI). Two identical 1.8-mm long phase shifters were placed on each arm (see Fig. 1 ), constituted of p-n junctions connected to coplanar traveling wave electrodes that allowed the carrier density across the silicon waveguide to be modified through the carrier depletion effect [24, 25] . The two paths were subsequently recombined in a second MMI. Two grating couplers were placed at the input and the output end to allow coupling from/to external optical fibres. A coupling loss of 3.5 dB/grating was measured by means of the cut-back technique. The optical sample was surface-mounted on a Printed Circuit Board (PCB). Differential electrical signals were coupled onto the PCB via two SMK connectors and micro-strip lines routed these signals to the input side of the MZM. On the output side, wire bonds were used to connect the differential signals to the PCB, on which the on-board 50 Ω termination was built (see Fig. 1 and Fig. 2) . A reverse voltage applied on the phase shifters induced a carrier concentration distribution change, which in turn caused a material refractive index change through the plasma dispersion effect, according to the following equation [26] :
The waveguide effective refractive index change, can be determined by the overlap integral, between the concentration distribution change and the optical field distribution (determined by the waveguide configuration). ∆n e f f is expressed as:
where n 0 e f f is the original waveguide effective refractive index when no voltage is applied to the junction and E 0 x,y is the spatial distribution of the electrical field of the optical mode in the rib waveguide. In the design stage, we used the commercial software Silvaco to calculate the carrier distribution change which was converted to refractive index change with the use of Eq. 1. The optical mode distribution was calculated using a Matlab based solver. These results where then combined, making use of Eq. 2 to obtain the effective refractive index difference, as a function of the applied voltage. Our design aimed at the simultaneous optimization of three main parameters: (i) modulator loss (mainly influenced by the junction doping level), (ii) modulation efficiency and (iii) modulation linearity (i.e. third-order inter-modulation distortions, spurious free dynamic range (SF DR I M D 3 )). The phase shifter section loss coefficient and the efficiency parameter, were derived from the optical simulations (performed by using a Matlab solver), while the theoretical inter-modulation distortion, SF DR I M D 3 , was calculated by numerically modeling the MZM device, as follows: The MZM modulator transfer function can be described by the following equation:
where L is the phase shifter length and V the applied voltage. To measure the third-order inter-modulation distortion generated by the device, a two-tones approach was used, where two tones, at different frequencies (ω 1 and ω 2 ), were used to drive the MZM. The total voltage applied to the device is
By substituting Eq. 4 in Eq. 3 we obtained a time-domain function of the modulation of the optical power. By applying a Fast Fourier Transform (FFT) on the obtained function, the SF DR I M D 3 was extracted, for different applied voltages.
As previously shown in [27] , linearity can be improved by increasing the junction doping levels. This is because highly doped p-n junctions show smaller depletion regions than low-doped junctions. As a result, the effective index modulation takes place within a more uniform optical mode distribution zone, thus the MZM transfer function could show an enhanced linearity with respect to an MZM equipped with low-doped p-n junctions, as phase shifters. On the other hand, changing the doping concentration also affects the loss coefficient as well as the modulation efficiency. We calculated the loss, efficiency and SF DR I M D 3 for three different doping concentrations, thus selecting the most suitable configuration for our scope. The results are presented in Table 1 . By increasing the p-n junction doping concentration level, the SF DR I M D 3 can be significantly improved, reaching a value of 109 dB Hz 2/3 for a high doping level, at a V bias of 8 V. It is worth noting that, at this doping level, the efficiency is slightly improved with respect to the medium and low-doped junctions, showing also more uniform values for different bias voltages; it is also noted that, for high-doping levels, losses are only modestly increased, reaching a value of 1.07 dB/mm (V bias = 4V). We identified the third configuration (high-doping level) as the most suitable for our targeted application.
Static characterization
Optical transfer functions for the MZM for different DC bias voltages applied to one of its electrodes are shown in Fig. 3 . The induced phase shift (∆φ) can be extracted by using the following equation: where ∆λ is the wavelength shift measured on the nulls of the interference spectrum and FSR is the MZM Free Spectral Range. Measurements were carried out on both of the available phase shifters and results are reported in Fig. 3(b) . The modulation efficiency V π L was assessed for different bias voltages by using the following equation [28] [29] [30] :
The obtained results, for different bias voltage values, for the two phase shifters, are shown in Fig.  3 (c).
Electrical bandwidth analysis
Three sets of measurements were carried out to assess the impact of the electrical packaging on the MZM frequency response. The first characterization measured the electrical S21 parameter of the unpackaged MZM alone; the device was tested using high-speed RF probes that allowed to connect the device under test to a 50-GHz network analyzer. A -6.4 dB bandwidth of 26 GHz was measured when a DC bias voltage of 8 V was applied to the MZM phase shifter. A second set of electrical S21 measurements was carried out on the PCB board alone, which comprised just the RF microstrip lines (50 Ω) and two SMK-connectors, revealing a 10.02 GHz bandwidth. A final measurement was performed on the full packaged device, revealing a -6.4 dB bandwidth of 4.45 GHz on the electrical S21 parameter when the MZM was biased at 8 V. The measurements are reported in Fig. 4 . The aim of these purely electrical measurements was to assess the impact of the electrical packaging on the electrical characteristics of the device. Besides, the electro-optical (E-O) MZM response could be affected by other effects (such as velocity mismatch between the optical and the electrical waves), eventually reducing the E-O device bandwidth. The significant bandwidth reduction observed on the packaged device shows that both the microstrip lines and the wire-bonding significantly deteriorated the electrical S21 parameter. The improvement of this aspect is the subject of further studies, and we are aiming at the adoption of more effective techniques, such as flip-chip bonding, in future device implementations. We show the E-O response of the packaged MZM device in Fig. 4(a) , noting that only a slight mismatch is present between the 3-dB E-O bandwidth (4.33 GHz) and the -6.4 dB electrical bandwidth (4.45 GHz), suggesting that, in this case, the main limiting factor was the electrical packaging frequency response. 
Linearity characterization
The performance of DMT-based optical systems has been shown to be strongly influenced by nonlinearities introduced by the transmission devices [31, 32] . Silicon MZMs are intrinsically nonlinear because of both the optical topology itself (the Mach-Zehnder interferometer) and the nonlinear nature of the carrier depletion effect [26] which is used as the modulation mechanism. The SF DR is normally used to quantify the nonlinear behaviour of transmission components. When two input frequency tones are considered ( f 1 and f 2 ) as the input to the MZM device, higher-order distortion components are created due to the device nonlinearity. The first two components are related to the second-order (2 f 1 and 2 f 2 ) and third order distortions (3 f 1 and 3 f 2 ), respectively. They also give rise to intermodulation components, these are second order ( f 1 + f 2 and f 2 − f 1 ) and third order (2 f 2 − f 1 , 2 f 1 − f 2 , 2 f 2 + f 1 and 2 f 1 + f 2 ) intermodulation distortions (I M D 2 and I M D 3 , respectively). When a push-pull configuration is used, second order (and even higher order) terms are canceled out [33] [34] [35] , therefore third order distortions are the main limiting factors in the system. It is also worth noting that third order intermodulation distortion components are always very close to the fundamental frequencies, therefore their impact has to be taken into account, even when a sub-octave bandwidth link is considered [35] . SF DR I M D 3 measurements were carried out using the experimental set-up shown in Fig. 5 . A CW tunable laser provided the optical input signal at a fixed power level of 15 dBm. The light beam was transverse electrical (TE) polarized and launched in the silicon waveguide. The optical beam was collected at the output and sent to a 20-GHz linear photodiode which was connected to a RF spectrum analyzer. SF DR I M D 3 was measured by using two sinusoidal tones mixed together in a 3-dB RF coupler and split to generate a pair of differential signals, which fed the MZM in push-pull mode. DC inverse bias was used in order to operate the MZM in depletion. Three different central frequency values were investigated, namely 2, 3 and 5 GHz adopting a tone separation of 0.01 GHz. The spectrum analyzer was used to measure the power levels of the two fundamental tones and the third intermodulation distortion signal using a resolution bandwidth B of 100 Hz on a background noise level of -157 dBm. In order to provide a context to this characterization, measurements were also carried out on a commercial 40-GHz LiN bO 3 modulator. Table 2 , we show SF DR I M D 3 values, measured on Si-based modulators, previously reported in the literature.
DMT transmission experiments
The set-up we used for the DMT transmission experiments is shown in Fig. 7 . The signal to be transmitted was generated off-line from a serial 2 15 − 1 Pseudo Random Bit Sequence (PRBS). The PRBS was sent to a serial-to-parallel block followed by a quadrature amplitude modulation (QAM) mapper which coded the bit-parallel sequence to constellation diagrams. The bit distribution across each constellation had been previously calculated using a rate adaptive water-filling algorithm [43, 44] which maximized the transmission bit-rate, for a given total energy, according to the response of our transmission channel. The algorithm we have used is described in detail in [43] . The transmission channel, had been characterized by sending a uniform QAM-modulated multi-carrier signal through the system. The complex conjugate of each mapped symbol was generated and then the entire sequence was transformed into a real-valued time sequence by means of an inverse fast Fourier transform (IFFT) block. A cyclic prefix (CP) was added (3.6%), followed by a parallel-to-serial block. An additional 2% preamble was added at each frame, for synchronization purposes. The resulting signal was then up-sampled and sent to a 32 GS/s Digital to Analog Converter (DAC) (bandwidth 20 GHz) which generated a pair of differential electrical signals. Two RF amplifiers (32 GHz bandwidth) were employed to boost the two signals providing a pair of 4 Vpp sequences which were used to drive the MZM (biased at 8 V inverse voltage). The optical carrier was provided by a pigtailed tuneable continuous wave (CW) laser which was coupled directly onto the MZM. The light beam was then transmitted through SMF spools with variable lengths ranging from 0 km (Back-To-Back -B2B) to 50 km. The receiver was composed of a noise loading block followed by a 30 GHz photodiode which converted the optical signal back to the electrical domain. The sequence was converted to a digital sequence using a 80 GS/s (35 GHz) analog-to-digital converter (ADC) and the resulting signal was stored and analyzed off-line. The signal was resampled and synchronized to determine the starting point of the DMT sequence and subsequently reconstructed as a parallel signal. After removing the CP, an FFT block was used to retrieve the QAM symbols which were de-mapped and equalized. A final parallel-to-serial operation allowed the received data to be obtained and compared to the transmitted data, in order to evaluate the bit-error ratio (BER). The signal to noise ratio (SNR) channel response (40 km link) and the corresponding adopted bit loading diagram are shown in Fig. 8(a) and 8(b) respectively. 1342 symbols per frame were mapped across 239 sub-channels evenly distributed across a 10 GHz bandwidth reaching a transmission capacity of 52.42 Gb/s (frame transmission time of 25.6 ns). A net transmission rate of 49.6 Gb/s is achieved, after the CP and the 2 % of preamble sequence have been taken into account (see Tab. 3). 128-QAM was used as the highest constellation level. Both B2B and 40 km constellation diagrams (128-QAM and 64-QAM) are shown in Fig. 8(b) . The measurements show that the linearity of the proposed MZM enabled the use of complex modulation formats without observing noticeable distortions, thus allowing to retrieve symbols, even when 128-QAM was used. For reference, the DMT parameters used in this experiment are also given in Tab. 3.
In order to evaluate the link performance, BERs were measured as a function of the SMF link reach (see Fig. 9 ). BER values below the 7% Hard Decision Forward Error Correction (HD-FEC) limit were observed for SMF lengths in the range 0-40 km, while a BER of 10 −2 was measured for a 50 km-long link. The main cause of BER degradation is the power fading effect due to the SMF chromatic dispersion (CD) which significantly affects the performance of Intensity Modulated (IM)-DD transmission links [45] , introducing SNR penalties when relatively long fibres and/or high-frequency RF tones are used [46] . In an IM-DD link, the signal modulates both sides of the spectrum about the optical carrier. The phase relation between these two sidebands varies with the CD of the SMF, thus giving rise to distance-dependent signal distortions and manifesting itself as a power penalty at the receiver. The SNR penalty introduced by the fibre can be modelled using the following equation [45, 47] :
where λ is the optical carrier central wavelength, D the fibre CD, L the fibre length and f the baseband tone frequency. We calculated the SNR penalties for three different SMF lengths with RF tones f spanning from 0 to 20 GHz. The results are shown in Fig. 10 . The grey zone in the graph indicates the bandwidth over which bits were allocated in our DMT experiments. The blue curve relates to a 10 km-long SMF IM-DD link showing no SNR penalty for this signal bandwidth. The red curve was obtained for a 40 km length of SMF, exhibiting noticeable penalties at frequencies above 7 GHz, while the green line is for a 50 km-long SMF link, showing a further increase in SNR penalty. It is worth noting that the use of a modulator with a wider electrical bandwidth (e.g. >20 GHz) would only have a modest impact on the link performance at lengths >40 km, since high frequencies (> 10 GHz) would still be strongly affected by the SNR penalty, as shown in Fig. 10 . The use of such high frequencies (f>10 GHz) would require bit allocation schemes of an increased complexity to finely discretize the system response, in order to precisely isolate tones where the CD power fading impact is prominent [18, 21] . The ability to utilise the available bandwidth effectively can be accounted for by the baseband spectral efficiency (SE), defined as the link net capacity divided by the signal bandwidth (in the electrical domain, baseband). In order to give context to our results, we report some baseband SE values for IM-DD systems already presented in the literature in Tab. 4, and compare them to the results achieved in this work. The optimal bit-allocation within the 10 GHz bandwidth (which does not suffer from CD power fading for lengths up to 40 km) and the high linearity behavior showed by our MZM which in turn allowed the use of dense modulation formats in the DMT coding (see Fig.  8 ) enabled us to transmit over 40 km of SMF exhibiting a baseband SE of 5 b/s/Hz, which is the highest value reported in the literature for silicon photonic DMT systems. Results shown in [18] and [21] use Si-MZM modulators exhibiting bandwidths >20 GHz but transmission lengths are limited to just 10 km due to the CD detrimental effect. SSB-DMT can be used to overcome this issue, as shown in [18, 22] , but a more complex system is required to effectively suppress one sideband, making this choice less attractive for low-cost applications. Good performance is shown by PAM systems [34, 48] which are relatively simple and very attractive for data-center IM-DD systems, however the use of the available bandwidth is far from being optimised, since baseband SEs of 3 b/s/Hz are typically observed. A very high baseband SE transmission has been recently demonstrated in [50] , reporting a 100 km transmission at 120 Gb/s data-rate; however, this system shows high complexity in both the transmitter and receiver side requiring an I/Q modulator, a Stokes receiver and a CD compensation block.
Conclusion
We demonstrated a silicon photonic IM-DD link based on DMT modulation operating at 49.6 Gb/s, transmitting over 40 km of SMF without the need of amplification and CD compensation. The DMT modulation was performed using a Si-MZM with electrical packaging, using 239 sub-carriers distributed over a 10 GHz bandwidth, obtaining a baseband SE of 5 b/s/Hz, which is the highest value reported in the literature to date for silicon photonic DMT-based systems.
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